This paper discusses the time series trend and variability of the cyclone frequencies over Bay of Bengal, particularly in order to conclude if there is any significant difference in the pattern visible before and change-point analysis, we show that the drops in mean intensity functions are significant for all three categories. As of author's knowledge, no study so far have discussed the relation between cyclones and tsunamis. Bay of Bengal is surrounded by one of the most densely populated areas of the world and any kind of significant change in tropical cyclone pattern has a large impact in various ways, for example, disaster management planning and our study is immensely important from that perspective.
Introduction
Tropical cyclones (TC) and tsunamis are two very different kind of natural phenomena both originating from the oceans. Several necessary precursor environmental criteria for the formation of a TC have been discussed in [2] and the six globally accepted criteria for cyclogenesis are-1. sea surface temperature (SST) is more than 80 0 F or 26.5 0 C at least to a depth of 60 meters, 2. moist layers near the mid-troposphere, 3 . an atmosphere that cools rapidly with height and unstable to moist convection, 4. 5 0 latitude difference with the equator due to the requirement of a non-negligible amount of Coriolis force, 5. near-surface disturbance with sufficient vorticity and 6. lower values of vertical wind shear at the site of cyclogenesis. On the other hand, tsunami is caused by the friction of two slowly moving tectonic plates beneath the ocean floors that creates a large amount of seismic energy released in the form of an earthquake. Thus, it is highly unlikely 1 arXiv:1708.03972v1 [stat.AP] 13 Aug 2017 that a tsunami is caused by a TC but the energy released in a tsunami can potentially affect some of the six criteria for cyclogenesis, particularly in case the tsunami is of extremely high magnitude. The geological records actually show a number of instances where large and abrupt climate changes have taken place ( [22] ) including sudden shifts in the frequencies of TCs ( [23] ). [25] concluded that the water temperature decreased by 2 0 C-3 0 C, salinity dropped by 2 psu along with specific changes in the pattern of surface geostrophic current just after the tsunami which became normal after a certain period. Though the above references point out some short-period changes due to tsunami, long-term changes are not unlikely as well. A method for detecting shifts in hurricane frequencies has been proposed by [9] Apart from just a change-point analysis, we also consider a proper a statistical modeling approach in order to model the annual cyclone frequencies. In the context of annual land-falling hurricane frequency analysis over the Atlantic coasts of United States, often along with the amount for the damages, several studies have considered HPP and non-homogeneous Poisson process (NHPP) along with some continuous stochastic models for the amount of economic losses ( [5] ). In case the data associated with wind speeds, El Nino, the number of sunspots etc. are available, they are often used as covariates for modeling the mean structure ( [5] , [6] , [8] ). While all these approaches assume a HPP model, [7] assumes a NHPP model for the seasonal point process approach, not from the perspective of a change-point analysis. [9] and [11] have used change-point detection techniques and conclude about the significant storm frequency increase during 1960-1995.
According to US Geological
where a time T * is defined as a change-point if the counts arise from a homogeneous Poisson process (HPP) up to time T * and they arise from another HPP but with a shifted intensity parameter after T * . In case we have long records available, e.g. records over 200 years and the 150th year is the suspected changepoint, it is unlikely that the intensity function remains constant over first 150 years as different possible factors of cyclogenesis are likely to change, possibly drastically and hence the homogeneous assumption of the Poisson processes on both sides of T * is questionable.
As of author's knowledge, no such statistical literature is available which analyses the annual variability of frequencies of cyclones formed over BOB but a few studies are available where some preliminary analyses are done based on histograms, simple linear regression model etc. The annual frequencies of D over BOB is studied by [10] but fails to notice any trend and the periodogram analysis also fails to notice any periodicity. [13] studies the relation between the annual frequency of D and CS and the monsoon deficiency, [14] analyses the frequencies of D and CS using harmonic analysis and concludes that there is a very little long-term trend while it has an oscillation of period 36 years. Using separate linear regression models, [15] compares the rates of changes of different categories of cyclones over time and notices that the frequency of SCS increases at a faster rate compared to tropical depressions and also concludes about an oscillation period of 29 years. [16] again notices a decreasing trend in D over BOB during . The study of [17] reveals that the frequencies of D and CS have decreased at a rate of 6-7 per hundred years and 1-2 per hundred years respectively. The recent study by [18] fits a five-degree orthogonal polynomial to annual overall (BOB + Arabian Sea) cyclone frequencies of the category CS and notices a significant downward trend. [1] notices that the decadal variability of CS and SCS are different and there is a significant long-term decreasing trend.
In this paper, we model the cyclone frequencies of different categories using non-homogeneous Poisson processes. The intensity functions along with their first two derivatives are estimated using a semiparametric Poisson regression approach. The 95% confidence intervals based on normal approximation are discussed. We are primarily interested in finding changes in the pattern of annual cyclone frequencies and hence study the trend and variability of the estimated functions before and after the tsunami. We notice drop in intensity for all three categories and also discussed in several studies. Finally, for testing the significance of the effect of tsunami, we conduct an exact a change-point analysis. As the intensity function λ(t) is considered to be a non-constant function, considering the study-period to be (a, b], we check if the overall mean intensity drops after the T * , i.e. we test
In this paper, we concentrate on the application to time series dataset of annual frequencies of de- Also, the Government of India carries on a budget plan in every five years and from the viewpoint of disaster management, the forecast cyclone frequencies for five future years would be very beneficial.
The paper is organized as follows. In Section 2, we discuss about the annual cyclone frequency dataset and necessity of a flexible non-homogeneous Poisson process approach. The statistical methods for estimation and hypothesis testing are discussed in Section 3. In Section 4, we discuss the findings. Section 5 concludes.
Cyclone data
We analyze the annual frequencies of different categories of cyclones-depressions (D; <34 knots; associated wind speed <60 km/hr), cyclonic storms (CS; 34-47 knots; associated wind speed 60-90 km/ hr) and severe cyclonic storms (SCS; >47 knots; associated wind speed >90 km/hr) forming over the Bay of After tsunami 3.9091 1.1818 1.1818 Table 1 : Average frequencies of depressions, cyclonic storms and severe cyclonic storms before and after the tsunami.
Background statistical theory
We assume that the count of cyclone occurrences follow a non-homogeneous Poisson process model over the time interval (a, b], i.e., we assume that no two cyclone occur at the same time and the time lag between two consecutive cyclones are independent and follow an exponential distribution with time-dependent rate 
λ(t)dt
follows from the theory of the non-homogeneous Poisson process and also independent across n = 1, 2, . . . , N .
Without assuming any parametric form for the rate function λ(t), we assume it to be smooth, remain fairly constant within any interval (a+(n−1)∆, a+n∆] so that log
Here an exact equality holds if and only if λ(t) remains constant over the interval (a + (n − 1)∆, a + n∆]
follows from Jensen's inequality. This assumption is quite unrealistic as the intensity are higher during the monsoon season compared to other months. But as we are interested in long-term changes and not in monthly changes, such a smoothness assumption does not affect our inference. Finally, we approximate the logarithm of the unknown function λ(t) as a linear combination of cubic B-splines ( [19] ), i.e. log [ 
Inference
Based on the data, we estimate the vector β = (β 1 , . . . , β L ) using maximum likelihood estimates (MLEs).
Suppose the estimated vector is given byβ = (β 1 , . . . ,β L ) . Under some regularity conditions ( [20] ),
where AN stands for asymptotic normal distribution and the information matrix I β is given by
. Also we discuss about δλ(t) δt and δ 2 λ(t) δt 2 , the first two derivatives of the intensity function λ(t) given by
and the estimated profilesλ (t) andλ (t) are obtained by replacing β withβ.
For constructing the 95% approximately normal distributed confidence intervals of the estimates of the functions λ(t), λ (t) and λ (t), the variance estimates are obtained by Delta method ( [21] ) as follows
The elements of the vectors are calculated as follows
Hypothesis testing
In case data are available at an annual grid, it is not possible to detect a change-point uniquely within an year. Suppose there is a change-point suspected at a + K∆, i.e., at the end of the K-th year. Thus, we divide the domain into two parts-(a, a
We are interested in testing whether the overall mean of the intensity function λ(t); t ∈ (a, b] remains same before and after the change point a + K∆ or whether the average intensity drops after the change point, i.e. mathematically 
Results and Discussions
The estimates of the functions λ(t), λ (t) and λ (t) along with 95% confidence intervals based on normal approximation for the cases D, CS and SCS are provided in Figures 3, 4 the level of the test, i.e. 0.05. Hence, we conclude that the change in the overall mean intensity function is significant for all three categories of the cyclone. 
Discussions and conclusions

